Abstract Some studies of coda Q 1 have found temporal changes that may be associated with earthquake activity, but these analyses are subject to biases due to differences in source locations and other nonstationary behavior in earthquake catalogs. These biases can be greatly reduced by using clusters of repeating earthquakes; studies using this approach have generally found no resolvable changes in coda Q 1 . We examine coda Q 1 variations across southern California using 22 similar event clusters identified from a recent large-scale waveform cross-correlation project to improve earthquake locations. These clusters are found across the region and span the time period between 1981 and 2005. We apply the method of Beroza et al. (1995) to compute differential coda Q 1 using waveforms from similar earthquake pairs and analyze the results to constrain any possible temporal variations. Results from individual event pairs show a great deal of scatter in differential coda Q 1 , but exhibit no clear temporal variations or changes associated with large earthquakes. Application of a median filter to smooth the results shows that any persistent large-scale changes in coda Q 1 during this time period are less than about 30%.
Introduction
Seismic coda waves are scattered waves resulting from heterogeneities in the earth (e.g., Aki, 1969; Aki and Chouet, 1975) . S-wave coda from local earthquakes is caused by heterogeneity in the lithosphere and typically exhibits an exponential decay in amplitude that can be characterized in terms of coda Q 1 (Q 
where A is the amplitude of the seismogram, k is a scaling factor, t is the time since the origin of the earthquake, ω is the angular frequency, and Q 1 c is the coda Q 1 . Because scattering properties might change as cracks open or close in response to stress changes occurring before or after earthquakes, a number of studies have examined whether temporal changes in Q 1 c can be resolved. Some studies found evidence for changes in coda Q 1 prior to earthquakes (e.g., a decrease in coda Q 1 of 50%-70% by Jin and Aki, 1986 and a decrease of 25%-29% by Su and Aki, 1990) . Others noted a change between the coda Q 1 just before and immediately after the earthquake, rather than a precursory change. Peng et al. (1987) found this change to be a 20%-30% increase close to the mainshock and a decrease farther from the mainshock. Tsukuda (1988) found the changes to be around 20%, Wang et al. (1989) recorded a 40% increase in Q 1 c , and Huang and Kisslinger (1992) found a 10% decrease in coda Q 1 . However, other studies have found no temporal variations in coda Q 1 , either around large earthquakes or in general across a region over some span of time (Huang and Wyss, 1988; Woodgold, 1994; Hellweg et al., 1995; Tselentis, 1997) . The apparent temporal variations that have been found in some Q 1 c studies might instead be artifacts due to differences in hypocenter locations and other source characteristics (Beroza et al., 1995; Aster et al., 1996; Antolik et al., 1996; Chen and Long, 2000) .
To eliminate these possible biasing effects, it is desirable to examine repeatable sources in nearly the same location. Beroza et al. (1995) looked at earthquake doublets in order to solve for the change in coda Q 1 rather than directly for Q 1 c itself, and in doing so, eliminated many factors that may cause an apparent temporal change in Q 1 c . The difference in coda Q 1 from two earthquakes can be found by taking the ratio of the amplitudes,
where i and j refer to different events. Taking the natural logarithm of equation (2) gives the equation for a straight line for amplitude ratio versus time:
where the slope is proportional to the change in coda Q 1 (ΔQ 1 c ) (Beroza et al., 1995) . Using earthquake doublets, Beroza et al. (1995) found no resolvable temporal change in coda Q 1 in the vicinity of the 1989 Loma Prieta earthquake (M w 6:9) in California. Their results limited any Q 1 c change to no more than 5%, much less than studies that had reported precursory variations in Q 1 c for other earthquakes. A similar study in the Parkfield, California, region used clusters of repeating earthquakes and also found temporal changes no greater than 5% Antolik et al., 1996) .
However, these studies have covered only limited regions, and it is possible that coda Q 1 might vary in other areas. To systematically examine coda Q 1 stability across southern California, we adopt the Beroza et al. (1995) method to analyze 22 similar event clusters in southern California (see Fig. 1 ), which are a spatially diverse subset of the clusters identified by Lin et al. (2008) in a recent large-scale waveform cross-correlation project. Seismograms from the events in each cluster are similar but not wiggle-for-wiggle identical, especially in the coda. The clusters contain events that span a period of 25 years, between 1981 and 2005, during which time there were several large earthquakes. Our results show no resolvable temporal changes in coda Q 1 during this time period, at the level of 30%.
Method
From the similar event clusters identified by Lin et al. (2008) using waveform cross-correlation, we initially selected 95 clusters that contained events that spanned the full 1981-1995 time period. For each cluster we obtained Southern California Seismic Network waveforms from the Southern California Earthquake Data Center (SCEDC), and then cross-correlated station P waveform pairs for every event pair (Fig. 2a ). Prior to cross correlation, the data were filtered to between 1 and 10 Hz, which Hauksson and Shearer (2005) and Lin et al. (2007) found gives good results
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Elmore Ranch (1987 ) Superstition Hills (1987 Landers ( for P-wave timing. We use vertical component data, except for cluster 10 (see Fig. 1 ), for which we use horizontal component data for two stations. For each cluster, we examine the correlation coefficients to determine which event has the highest correlation with all the other events within the cluster. This event is used as a control event to which we compare all the other events in the cluster. For each waveform pair we then determine the change in coda Q 1 using the Beroza et al. (1995) approach described previously. This provides ΔQ 1 c estimates for each event (excluding the control event) with respect to the control event.
We only use waveform pairs with a correlation coefficient greater than 0.6, which limits the number of measurements we obtain per cluster. Almost all the event magnitudes are between 0.5 and 3. We band-pass filter the data between 4 and 8 Hz for our selected pairs and compute an envelope function for each waveform. We selected this passband because it has generally good signal-to-noise in our waveforms, which permits resolving S coda to longer times than at other frequencies. The envelope function is computed from
where A is the amplitude of the seismogram at time t, and H is the Hilbert transform of the amplitude (e.g., Kanasewich, 1973) . We then align the seismograms and their envelope functions using the time shift from the cross-correlation results (Fig. 2b) .
We analyze the S coda amplitude in a time window between 1.4 times the S-wave travel time to when the coda signal from one of the two waveforms drops below 1.4 times the noise level (this signal-to-noise measure is defined as the ratio of the average signal in a 5-s running window to the average pre-P-wave noise). The window length is computed separately for each waveform pair and thus is not of fixed length for any event. We then fit a line to the amplitude ratio between the two envelope functions from equation (3) to estimate the possible changes in Q 1 c (Fig. 2c) . Because the amplitude ratio can have extreme values, for robustness we use an L1-norm fitting method. To provide a reasonably well-constrained slope estimate, we use measurements only when the time window for the fit is at least 8 s.
The resulting estimates contain a large amount of scatter, which likely is not due to changes in coda Q 1 , but reflects the fact that although the waveforms for the event pairs have similar shaped P waves, they are not identical, particularly in the coda. To reduce this scatter, we assume any real changes in coda Q 1 will occur over relatively long time periods so that we can temporally smooth the results for individual events. To do this, we first remove the median for the entire cluster to remove any potential bias from the choice of the reference event and then calculate the median values over yearly intervals. To estimate errors for the median values, we use a bootstrap method to randomly resample (with replacement) the ΔQ resamples, we estimate the standard error from the standard deviation of the resulting medians. Figure 3 shows two clusters with the calculated medians and estimated errors. To obtain stable results, we only show results where we have at least 20 data points per year. This requirement, together with the correlation coefficient and fitting window cutoffs discussed previously, reduces the number of similar event clusters from our original 95 to 22 that provide adequate temporal coverage. Each of these remaining clusters spans most, if not all, of the 25 years for which we have data, as well as having a good geographical spread in southern California and greater than 20 data points in each year for most years (Fig. 4) . For convenience, we have reassigned the cluster numbers in Lin et al.'s (2007) LSH catalog to the 22 numbers used here. The corresponding original LSH cluster numbers are (1 to 22): 562, 474, 923, 560, 751, 376, 206, 616, 1514, 22, 456, 846, 309, 25, 1, 153, 144, 868, 771, 197, 179, 1466. Results Figure 4 shows results for the 22 similar event clusters we analyzed in detail. The yearly median value of ΔQ 1 c found for all of the clusters varies between 0:002, with over 90% of the values between 0:001 (Fig. 5) . There is no systematic temporal trend in ΔQ 1 c for any of the clusters or a clear change associated with any of the large earthquakes. Because the yearly bins include some events from both before and after the large earthquakes, there is a possibility that coseismic changes in Q 1 c could be blurred by this time averaging. To check for this, we also computed a version of Figure 4 , in which the bin boundaries are adjusted to exactly coincide with the large earthquake times. This plot appears very similar to the original and shows no evidence for changes in Q 1 c caused by the earthquakes. Coda Q is generally observed to increase with frequency (e.g., Phillips and Aki, 1986) . Using the Phillips and Aki (1986) value of Q c ∼ 300 at 6 Hz for short time windows in central California, the ΔQ 1 c variations of 0:001 translate to 30% variations in absolute coda Q 1 . We thus see no evidence to support any changes in coda Q 1 in southern California during the 1981 to 2005 time period as large as those identified by Jin and Aki (1986) and Su and Aki (1990) , or any changes associated with the occurrence of large earthquakes. However, our constraints on coda Q 1 are not as tight as the negative results reported by Beroza et al. (1995) , Aster et al. (1996) , and Antolik et al. (1996) . This is likely due to the fact that the event clusters that we analyzed do not contain earthquakes as similar as those used in the other studies. It is possible that better results could be obtained by increasing the minimum correlation coefficient that we require, at the cost of decreasing the number of events. It does not appear that southern California contains as many nests of nearly identical earthquakes as are found on the San Andreas fault in central California. Our results finding no clear temporal variations in coda Q 1 in southern California are consistent with the recent study of Lin et al. (2008) , which analyzed travel times from similar event clusters to show that any large-scale, longlasting temporal variations in P and S velocities across southern California are less than 0:2%. Our constraints on possible scattering properties related to coda Q 1 variations are less precise but are similar in geographical and temporal coverage. Both studies suggest that the observable large-scale seismic properties of the southern California crust have been stable since the early 1980s, although we cannot rule out the possibility of variations smaller than the spatial or temporal resolving power of the methods.
